INTRODUCTION
Oligodendrocytes, the myelinating glia of the central nervous system (CNS), play a crucial role in facilitating the rapid conduction of neuronal action potentials 1 and supporting axonal survival 2 . Oligodendrocytes are generated from OPCs, which proliferate and migrate throughout the CNS during late embryonic development, and later differentiate into mature myelinating oligodendrocytes 3, 4 . Several distinct stages during oligodendrocyte maturation have been identified for oligodendroglial lineage cells in vitro 3, 5 . These include proliferating OPCs, characterized by expression of progenitor cell markers such as the platelet-derived growth factor alpha receptor (PDGFaR) with a bipolar or tripoIar morphology, intermediate immature oligodendrocytes, expressing markers recognized by the O4 antibody with a multipolar morphology, and finally mature myelinating oligodendrocytes, expressing myelinspecific proteins such as myelin basic protein. When transplanted into the brain of hypomyelinated hosts, oligodendrocyte precursors can migrate a significant distance, and give rise to a large number of mature oligodendrocytes 6, 7 , as well as myelinate axons 8 . Simple methods for the isolation and purification of workable quantities of OPCs not only aid in efforts to better understand oligodendrocyte development, function and axonoligodendroglial interactions but also provide an indispensable tool for myelin repair research. Several methods for isolation of rat OPCs from the CNS have been described, such as immunopanning 5, 9, 10 , fluorescence-activated cell sorting (FACS) by exploiting cell surface-specific antigens 5, 11 , differential gradient centrifugation 7, 8, 12 or a shaking method based on differential adherent properties of glia 13, 14 , which permits the separation of rat OPCs from the astroglial cells in the mixed glial culture by shearing forces.
In contrast to rat OPCs, mouse OPCs have proven more difficult to isolate. Mouse OPCs do not share all of the cell surface antigens with their rat counterparts such as A2B5 (ref. 15) , impeding approaches such as immunopanning and cell sorting (FACS) as described for rat OPC isolation. In addition, mouse OPCs tend to differentiate in in vitro mixed glial cultures. They are also relatively difficult to separate from astrocytes by shaking methods. Most importantly, as many transgenic and knockout studies have been carried out in mice, it becomes increasingly crucial to develop a simple procedure for the isolation and purification of ample amounts of OPCs from mouse CNS tissues. The fact that multipotent neural progenitor cells can give rise to oligodendroglial lineage-restricted precursors 16, 17 suggests a new avenue for the generation of OPCs from neural progenitor cells. Several studies described methods to generate self-renewing OPCs from neural progenitor/stem cells in different species such as dog and rodents [18] [19] [20] [21] . As PDGFaR expression identifies OPCs in the CNS 4,22 , we availed ourselves of PDGFaR-GFP knock-in mice 23 , where a nuclear-localized green fluorescent protein (GFP) was knocked into the PDGFaR locus, to discern OPCs. Thus, by tracking GFP expression, we were able to monitor the formation of, and isolate, mouse PDGFaR+ OPCs from cortical progenitor cells under different culture conditions. Thus, here we describe technically simple procedures to prepare a large, highly enriched population of OPCs from rats or mice. These methods allow isolation of rat OPCs using a selective detachment procedure 13 with modifications 24 , and the generation of large numbers of mouse OPCs through formation of ''oligospheres'' from neurospheres using embryonic multipotent cortical progenitor cells. The OPCs isolated by the procedures described below can be induced to differentiate into immature oligodendroblasts and then into mature oligodendrocytes. These methods will facilitate the in vitro use of OPCs to address such issues as effects of various molecules on OPC differentiation and axon-oligodendroglia interactions. 25 . Neural culture medium DMEM/F12 supplemented with 25 mg ml À1 insulin, 100 mg ml À1 Apo-transferrin, 20 nM progesterone, 60 mM putrescine and 30 nM sodium selenite. Shelf life: 2 weeks at 4 1C. Neurosphere growth medium Neural culture medium (NCM) supplemented with 20 ng ml À1 bFGF and 20 ng ml À1 EGF. Shelf life: 1 week at 4 1C. m CRITICALThe biological activity of growth factors in serum-free media (SFM) decreases with time. For optimal results, add growth factors to SFM on the day of preparation. Generally, we store SFM with growth factors at 4 1C up to 7 days for the passage of neurospheres. B104 growth medium (For the growth of B104 neuroblastoma cells) DMEM/ F12 supplemented with 10% FBS. N2 medium DMEM/F12 supplemented with 1Â N2. B104 neuroblastoma conditioned medium (B104 CM) Culture B104 neuroblastoma cells in B104 growth medium until confluent. Wash with 1Â Puck's BSS and feed with N2 medium. After 4 days, collect the medium, add phenylmethylsulfonyl fluoride to a final concentration of 1 mg ml À1 and mix quickly by swirling. Centrifuge at 2,000g for 30 min in a swinging bucket centrifuge at 4 1C. Filter the supernatant with a 0.22 mm pore size filter system and retain the filtered supernatant. This is B104 CM. Shelf life: up to 6 months at À80 1C. m CRITICAL The B104 CM should be aliquoted and stored at À80 1C for later use. To minimize variation between cultures, B104-CM from each batch should be tested before use. Freeze-thaw cycles should be minimized with no more than two freeze-thaw cycles. Oligosphere medium 7 parts of NCM:3 parts of B104CM (7:3 ¼ vol:vol): this oligosphere media can be stored at 4 1C for 2 weeks. 103 Puck's BSS Add NaCl 80 g, KCl 4 g, Na 2 HPO 4 Á 7H 2 O 0.9 g, KH 2 PO 4 0.4 g and glucose 10 g in 1,000 ml triple-distilled water and filter-sterilize (0.22 mm) and store at 4 1C. The working solution is 1Â Puck's BSS. Make this by diluting stock solution 1:10 with sterile triple-distilled water in the tissue culture hood for sterility. Trypsin stock solution 0.25% (w/v) trypsin in HBSS and stored in aliquots at À20 1C. DNase I stock 0.20 mg ml À1 in HBSS (20Â) and stored in aliquots at À20 1C. Final concentration should be 10 mg ml À1 after dilution in HBSS. EQUIPMENT SETUP Poly-D-lysine-coated flasks Dilute a 100Â stock of poly-D-lysine (10 mg ml À1 in 0.5% BSA in DPBS, stored as aliquots at À20 1C) with 1Â DPBS and filtersterilize (0.22 mm). Coat culture flasks and plates with the 1Â poly-D-lysine coating solution (B7 ml per flask) for 1-2 h in 37 1C incubator or overnight at room temperature (RT; 22 1C). Remove coating solution, wash three times with sterile ddH 2 O and dry completely in a tissue culture hood, and store with caps screwed tightly at RT. The coated flask can be stored at RT for at least 4 weeks. Poly-D,L-ornithine-coated plates Dilute a 100Â stock of poly-D,L-ornithine (5 mg ml À1 in PBS, stored in aliquots at À80 1C) with 1Â DPBS and filter-sterilize (0.22 mm). Add sufficient quantity of 1Â coating solution to cover the surface of culture plates and incubate for 1-2 h at 37 1C or overnight at RT. Remove solution, wash three times with ddH 2 O and air-dry in a tissue culture hood. After complete drying, coated plates can be stored at RT for at least 4 weeks.
PROCEDURE
Dissection and plating of cerebral cortices 1| Follow option A for neonatal rats and option B for mouse embryos. Note that neonatal mouse pups, for example at P0-2, can be used as described for neonatal rat pups. However, the efficiency to form oligospheres is low when using the neonatal brain as compared to the embryonic brain. Add 10 ml DMEM20S to each flask if they will be shaken again, and return them to the tissue incubator. The culture medium should be completely changed every 2-3 days to allow more OPCs to grow on the astrocyte layer. Mixed glia can be shaken a second time if one continues to culture them for an additional week after the first shake using the same procedure. In our experience, there is no functional difference in OPCs obtained from the first shake and the second shake, although the yield of OPCs from the second shake is lower. Discard flasks that have been shaken twice. m CRITICAL STEP The Petri dishes used here must be untreated. They should not be treated for tissue culture because OPCs tend to attach to treated Petri dishes, resulting in very low yield of OPCs. We use Petri dishes from Fisher (cat. no. 08-757-13). (B) Generation of mouse OPCs from neurospheres TIMING B14 days (i) At around the 4 th day after the formation of neurospheres (sphere size around 200-300 mm in diameter), the culture is ready for oligosphere induction. Note that generally neurosphere formation takes about 3-5 days for the embryonic cortical tissue and for the neonatal tissue it takes about 10 days. (ii) Gradually change the EGF/bFGF-containing neurosphere growth medium to B104 CM-containing oligosphere medium by replacing one-fourth of the former medium with the latter medium every other day for 2 weeks. Note that during the transition period (weeks 1-2), the number and size of spheres do not change significantly. However, the number of GFP fluorescent cells should increase significantly in the spheres. After 2 weeks, at least 95% cells in the spheres should show intense GFP fluorescence. As the cells are PDGFaR-GFP+, signifying oligodendrocyte precursors, the spheres are now referred to as oligospheres. By comparing the oligosphere medium (NCM plus B104CM) with NCM alone, NCM plus 20 ng ml À1 bFGF, 20 or 40 ng ml À1 PDGF-AA, we observed that the B104CM-containing oligosphere medium is most effective in induction of oligosphere formation from neurospheres. (iii) The oligospheres should now be dissociated. They can be either mechanically dissociated by a fire-polished pipette as described above followed by passage through a 50 mm nylon mesh to obtain single cells or dissociated by enzymatic treatment with trypsin. Enzymatic dissociation: incubate oligospheres with 0.5 ml of 0.05% trypsin at 37 1C for 5 min; halt with 4 ml oligosphere medium; spin down the cells at 120g (B1,000 r.p.m.) for 5 min at RT and pass cells through a 50 mm nylon mesh to obtain cell suspension. (iv) Culture the cell suspension in the oligosphere medium on an uncoated plate at a density of B3 Â 10 4 cells per ml. Oligospheres should form again after 5-7 days. Alternatively, the cell suspension can be plated on the poly-ornithine-coated plates for OPC proliferation in the OPC medium or differentiation in the oligodendrocyte differentiation medium. ! CAUTION While passaging oligospheres, some oligospheres tend to attach to the bottom of the plate and assume typical early oligodendrocyte morphology. Generally, we take only the free-floating oligospheres for passaging. Avoid excessive formation of air bubbles while doing mechanical dissociation of neurospheres or oligospheres, as they will reduce cell viability. If few oligospheres are generated, the cells from oligosphere passaging can be plated at higher density (e.g., 1 Â 10 5 cells per ml). Higher density plating will yield more oligospheres.
ANTICIPATED RESULTS
For rat OPC generation, after 7 days in vitro, cells are primarily A2B5 + , O4 + but O1 À and MBP À oligodendrocyte precursors (Fig. 2) . Contaminating microglia and astrocytes are routinely less than 2À3% each 24 . For mouse OPC generation, the embryonic cortex such as at E14.5 yields the highest number of oligospheres (Fig. 3) . However, the neonatal cortex (P0-2) also can yield large number of oligospheres. The difference is that the neonatal cortical brain tissue requires a longer time (10 days) to form neurospheres when compared to embryonic cortical brain tissue (3-5 days) .
During oligosphere formation, we are usually able to observe four stages ( Fig. 3a-d) . During neurosphere formation, we detect few GFP+ cells in the neurosphere (Fig. 3a) (stage 1). After gradual replacement of the neurosphere growth medium containing B104CM, we can observe a dramatic increase in GFP+ cells in spheres during the first week (stage 2) and the second week (stage 3) of culture. In the third week of culture, essentially all cells in the spheres become GFP+/PDGFaR+ as oligospheres (stage 4).
Oligospheres were also plated on poly-L-ornithine-coated coverslips in the presence of the OPC medium. Cells from oligospheres are able to migrate away to form individual OPCs with bipolar and tripolar morphologies (Fig. 4a-f) . These GFP+ OPCs can be confirmed with OPC markers such as PDGFaR and Olig2 expression by immunohistochemistry (Fig. 4g-j) . With this method, nearly homogenous oligodendrocyte precursors (498%) can be prepared from mouse embryonic cortical tissues. No neuronal cells indicated by expression of Tuj1 were detected in the isolated OPC population, although approximately 2% of cells represent other neuroglial cells or early progenitors as evidenced by expression of nestin and GFAP (not shown). In addition, by mechanical or enzymatic dissociation, the oligosphere can be cultured and passaged in the OPC medium without differentiation. They can be further induced to form differentiated oligodendrocytes (e.g., O4 + ) when cultured in the oligodendrocyte differentiation medium (Fig. 4k) . Multiple approaches have been developed for OPC purification; each has its own merits. Compared to other OPC isolation methods such as costly immunopanning 5,9,10 and technically demanding differential gradient centrifugation 7, 8, 12 , the method for OPC preparation through oligosphere generation from both mouse and rat neural progenitor cells is simple and straightforward 20, 21, 26 . It can be easily followed by a researcher without prior OPC isolation experience. In addition, bulk and economical OPC generation can be achieved without a requirement for specific cell surface antibodies and equipment. 
